INTRODUCTION
Steller sea lions Eumetopias jubatus in North America range from the western Aleutian Islands east through the Gulf of Alaska (GOA) and south along the coast of British Columbia to central California. Based upon studies of mitochondrial DNA conducted in the late 1990s, the population was demonstrated to contain an eastern and a western stock, with the split occurring at 144°W at Cape Suckling in the GOA (Loughlin 1997) . The western stock of Steller sea lions has declined sharply since the mid-1970s (Sease et al. 2001 ) and was declared endangered in 1997 (1972 US Endangered Species Act) . Although the ultimate mechanisms for the decline are strongly debated, reductions in prey availability and subsequent alterations in sea lion diet are considered important contributing factors (Springer et al. 2003 , Fritz & Hinckley 2005 , DeMaster et al. 2006 . Changes in the prey field have been attributed to ecological regime shifts, climate change, commercial fishing, or a combination of factors (Loughlin & York 2000) . Consequently, effective ABSTRACT: Stable nitrogen and carbon isotope ratios were measured from red blood cell (RBC) and serum components from 9 mo old Steller sea lions Eumetopias jubatus captured during February and March 2000 and 2001 from the Gulf of Alaska (GOA; Region 1, n = 11), the eastern Aleutian Islands (Region 3, n = 5), and the central Aleutian Islands (Region 4, n = 5) to assess their foraging ecology. Isotope ratios from sea lions were compared with those from probable prey species and results were compared with those from a study demonstrating regional differences in the diets of juvenile and adult sea lions through the use of scat analysis. Discriminant analyses using the δ A common technique employed to estimate pinniped diets is the collection and examination of hard-part remains recovered from feces (Arim & Naya 2003) . However, this method can be problematic due to varied rates of digestion of prey hard parts (Arim & Naya 2003) . In addition, scats only offer an overview of an animal's most recent meals but do not provide integrated, long-term dietary information.
Pinniped foraging ecology has also been described using stable carbon ( 14 N) isotope ratio analysis (Kurle & Worthy 2001 . Predictable enrichment of 15 N with increasing trophic level allows estimation of an animal's relative trophic position (Vanderklift & Ponsard 2003) , whereas stable carbon isotopes can be strong indicators of an animal's habitat use and are valuable for estimating an animal's foraging region (Rubenstein & Hobson 2004 ). Variations in carbon isotope ratios reflect sources of primary productivity which, in turn, reflect foraging area, making it possible to track movement and migration patterns between isotopically distinct geographic regions. Carbon isotope ratios of organisms in a marine trophic system are influenced by the phytoplankton and marine algae at the base of the food web which, in turn, are influenced primarily by phytoplankton size, geometry, and growth rate (Popp et al. 1998) , the occurrence of phytoplankton blooms (Nakatsuka et al. 1992) , the amount and types of primary productivity (Descolas-Gros & Fontugne 1990), CO 2 concentration and CO 2 uptake mechanisms (Burkhardt et al. 1999 , Tortell et al. 2000 , and variations in aeration surrounding algae caused by turbulence (France 1995) . These influences contribute to general geographic patterns for δ 13 C values in marine environments including decreasing δ 13 C values with increasing latitude in the northern hemisphere, higher δ 13 C values in northern oceans versus southern oceans, and higher δ 13 C values in benthic versus pelagic habitats and in nearshore versus offshore food webs (McConnaughey & McRoy 1979 , France 1995 , Hobson 1999 , 2005 , Rubenstein & Hobson 2004 .
Stable carbon and nitrogen isotopes can also be used to estimate diet on the order of days to months as they reflect nutrients incorporated into particular tissues at time periods previous to collection that are dependent upon the metabolism and protein turnover of individual tissues (Kurle & Worthy 2002) . Blood is particularly desirable for use in isotope studies because its collection is minimally invasive and a routine component of animal research. Also, blood can be separated into constituents that, due to their varying protein and therefore isotopic turnover rates, can illustrate foraging data from different time periods (Kelly 2000) . For example, stable carbon and nitrogen isotope ratios of serum are likely to reflect nutrients incorporated starting approximately 1 to 2 wk prior to collection, while those of red blood cells (RBCs) reflect dietary input beginning from as far back as 2 to 3 mo (Kurle 2002) .
Despite its widespread use and acceptance as a technique for estimating wild animal trophic ecology, stable isotope technology can be problematic due to complications in interpreting isotopic data. Many studies would benefit from verification that could be achieved through the implementation of complementary methods or from controlled feeding experiments (see Gannes et al. 1997 , Kelly 2000 . Our study aimed to compare previous estimates of juvenile and adult Steller sea lion foraging ecology achieved through scat analysis with our own approximations obtained via stable carbon and nitrogen isotope analyses of blood components from 9 mo old sea lions and potential prey items. Time of weaning is unclear for Steller sea lions, but it is believed to occur gradually between 3 and 24 mo of age as they increasingly augment their mother's milk with solid food (Trites & Porter 2002 , Loughlin et al. 2003 , Raum-Suryan et al. 2004 ). Therefore, the stable isotope values from the blood components of 9 mo old Steller sea lions reflect some combination of milk that reflects their mother's diet and their own opportunistic or intentional prey ingestion. The mean δ 15 N values of blood components from mammals fed entirely on their mother's milk is consistently higher than those from their mother's blood constituents by ~1.0 ‰, which is a fraction of a trophic level, whereas δ 13 C values remain the same between mother and offspring (Jenkins et al. 2001) . Therefore, we hypothesized that foraging location and trophic level predicted by stable C and N isotope values of blood components of 9 mo old sea lions could reasonably be compared with foraging ecology estimates obtained from prey remains within fecal matter collected from juvenile and adult sea lions to determine if the isotope values indicate diet and foraging regions similar to those predicted by Sinclair & Zeppelin (2002) .
MATERIALS AND METHODS
Blood was drawn using serum collection tubes from young-of-the-year (9 mo old) male and female Steller sea lions captured in late February and early March 2000 and 2001 from several locations in Alaska (Fig. 1) . Collection sites were grouped according to their placement within 3 of 4 different foraging regions previously classified by scat analyses (Sinclair & Zeppelin 2002) . Region 1 contained individuals sampled from Sea Otter and Long Islands in the Gulf of Alaska (n = 11). Region 3, located in the eastern Aleutian Islands, contained individuals sampled from Akun, Tigalda, and Aiktak Islands (n = 5). Region 4, in the central Aleutian archipelago, contained individuals sampled from Seguam Island (n = 5). No sea lions were sampled in Region 2 due to logistic constraints.
We centrifuged blood samples for 5 min and harvested the separated serum and RBC components for analysis. Approximately 200 µl of serum were pipetted from each sample and decanted onto pre-combusted glass fiber filter papers; the remaining RBCs were then removed onto filter papers. Papers were transferred to closed petri dishes, dried in an oven at 50°C for 24 h, and stored in airtight vials at room temperature until analysis (see Hobson et al. 1997) . Approximately 1.0 to 1.4 mg of serum and 0.6 to 0.9 mg of RBCs were removed from the filter papers with forceps and sealed in 5 × 9 mm tin capsules. A negligible amount of filter paper may have been included with each sample, but isotopic analyses performed on the pre-combusted filter paper alone showed no measurable nitrogen or carbon, and so was not considered a contaminant. The blood components were analyzed using a Carlo Erba NA 1500 CHN Combustion Analyzer interfaced to a Finnigan Delta C mass spectrometer at the Stable Isotope/Soil Biology Laboratory, University of Georgia Institute of Ecology. The average precision for these data was 0.07 ‰ for nitrogen and 0.08 ‰ for carbon.
We used paired t-tests to determine differences in carbon and nitrogen isotope ratios between the RBC and serum blood components. We used single-factor analysis of variance (ANOVA) tests to determine differences in carbon and nitrogen isotope ratios of the 2 blood components between regions and Tukey's pairwise comparison tests to determine which regions differed. Discriminant analysis was used to determine how well the isotope values from the sea lions predicted their inclusion into different winter-time geographic foraging regions as defined by Sinclair & Zeppelin (2002) . Discriminant functions were based on the carbon and nitrogen isotope ratios for each individual. The importance of the 2 variables in the discriminant analysis models were expressed on a scale of -4 to 5 for serum and -4 to 4 for RBCs (SYSTAT Version 10.2; SYSTAT Software). Significance was tested at the α = 0.05 level.
RESULTS
Mean nitrogen isotope ratios from RBCs were statistically significantly lower than those from serum from sea lions in Regions 1 and 3 (t = -17.36, df = 10, p < 0.01 and t = -3.99, df = 4, p = 0.02, respectively; Fig. 2) ; the trend was the same for individuals from Region 4, but was not statistically significant (t = -1.66, df = 4, p = 0.17) (Fig. 2) . The mean δ Mean nitrogen and carbon isotope ratios from serum from the sea lions sampled in Regions 1, 3, and 4 were statistically significantly different (ANOVAs, F 2,18 = 14.12, p < 0.01, nitrogen and F 2,18 = 90.81, p < 0.01, carbon; Discriminant analysis is a statistical tool that allows classification of observations into groups and determines the success of that classification. The jackknifed classification matrix from the discriminant analysis using the classification factors derived from the stable carbon and nitrogen isotope ratios from the RBC samples assigned 20 of the 21 (95%) sea lions correctly to the predetermined foraging regions outlined in Sinclair & Zeppelin (2002) and the separations were statistically significant (Pillai's trace, F = 22.33, df = 4, p < 0.01; Fig. 3a) . The jack-knifed classification matrix from the discriminant analysis using the classification factors derived from the stable carbon and nitrogen isotope ratios from the serum samples assigned 19 of 21 (90%) sea lions to the correct foraging region and the separations were also statistically significant (Pillai's trace, F = 18.71, df = 4, p < 0.01; Fig. 3b ). The proportion of the total variance explained by the 2 factors used to create the classification matrix in each analysis was 100%. All individuals incorrectly assigned came from Region 3 and were misclassified into Region 4. Table 1 ) than those from individuals in Regions 1 and 3, we conclude that the 9 mo old sea lions or their mothers in Region 4 were foraging at ~1 trophic level lower than their counterparts in other regions.
The distinct differences among foraging regions demonstrated from the scat analysis in Sinclair & Zeppelin (2002) were driven by variations in prey consumption by sea lions from east to west. They showed that, in winter, sea lion diet was defined primarily by walleye pollock Theragra chalcogramma in the east and Atka mackerel Pleurogrammus monopterygius and cephalopods in the west. The δ 15 N values for sea lion blood components demonstrate that 9 mo old sea lions in the east were ingesting food either in the form of their mother's milk or prey that were at a higher trophic level than that ingested by their counterparts farther west. Stable isotope values represent an amalgamation of all prey ingested and are less appropriate for delineating between prey that have closely matched isotope values and more useful for illustrating trends in trophic position that can be compared with the fecal material data. Sub-adult (3 to 4 yr old) and adult (5+ yr old) pollock and Atka mackerel are thought to be the most common age groups of fishes ingested in winter by Steller sea lions (Zeppelin et al. 2004 ). The mean (± SE) δ N values from east to west in sea lion blood components can be explained by the change in diet from pollock to Atka mackerel and squid observed in the scat analyses.
The second factor contributing to the accurate separation of sea lions into the 3 foraging regions is the natural variation that occurs in δ
13
C values among geographic locations, including within marine environments (Kelly 2000 , Rubenstein & Hobson 2004 , which allows tracking movement and migration patterns between isotopically distinct geographic regions. One such geographic pattern is that of decreasing δ 13 C values with longitude from east to west from the GOA across the eastern Aleutian archipelago. Copepods, yellowfin sole Limanda aspera, squid Berryteuthis spp., and adult Pacific cod Gadus macrocephalus, walleye pollock, and herring Clupea pallasi sampled in the mid-1990s (Hirons et al. 1998) (Reisewitz 2002) . It is likely that regionalized phenomena contributing to this longitudinal pattern influenced the spatial patterns observed in the carbon isotope ratios from the blood components of sea lions in this study. This may reflect the patterns of the mothers or young-of-the-year, depending on whether the 9 mo old sea lions are still fully dependent on milk, supplement milk with opportunistic prey ingestion, or forage independently.
Our data strongly indicate that, in marine systems, variations in oceanographic processes that influence carbon acquisition at the primary production level among regions strongly affect δ
C values of consumers, making them more useful for determining habitat use than trophic position. However, there is some evidence of and a call for more studies to determine whether, in marine systems, δ C values for the marine organisms between regions were from 0.6 to 2.1 ‰, indicating that species in the GOA hypothetically forage at 1 to 2 level trophic levels above those in the Bering Sea. If true, one would expect to see a corresponding increase in the δ 15 N values of at least 4 to 5 ‰, which is the accepted amount of increase expected for an increase of 1 trophic level (Kurle 2002) . The variations in the δ 15 N values from the various marine organisms between geographic regions were between 0.3 and 1.9 ‰ (Hirons et al. 1998 , C. M. Kurle et al. unpubl.) , which are not sufficient to indicate a trophic separation. In addition, sea lions in Regions 1 and 3 have δ 13 C values that differed by ~2 ‰, which translates into a hypothetical trophic separation of 2 levels. However, both the δ
15
N and scat data demonstrate that sea lions in the 2 regions forage at the same trophic level. Therefore, we contend that stable carbon isotope signatures are better determinants of foraging location than trophic position.
Isotope ratios of different tissues from the same individual are rarely uniform, even when it is held on constant diets in captivity (Kurle 2002 , Vanderklift & Ponsard 2003 . Discrepancies in the carbon and nitrogen isotope ratios between the RBCs and serum may be partially attributable to differences in the primary proteins and subsequent amino acids present in the different blood components, as δ 13 C and δ
N values of individual amino acids encompass a wide range (Fantle et al. 1999 ). In addition, differences in the amount of lipid content present in serum versus RBCs may have contributed to the lower mean δ 13 C values in the serum components. Total lipids are higher in serum than in RBCs because serum albumin is the major carrier of fatty acids in the blood (Nelson 1970 (Nelson , 1971 . Lipids are known to have proportionally less 13 C than proteins (see Kelly 2000) , which leads to lower δ 13 C values (see also Kurle 2002) . Alternatively, protein turnover and therefore isotopic turnover varies with tissue type and the δ 15 N and δ
13
C values from RBCs are thought to indicate prey incorporated up to 2-3 mo prior to blood collection, while those from serum are thought to illustrate dietary items incorporated as recently as 1 to 2 wk prior to collection (Kurle 2002) . Therefore, differences in the isotope ratios between the 2 blood components may indicate temporal variations in sea lion foraging. To assess this, it is important to first rule out the influences of the differing amino acid and lipid components present in each of the blood constituents. Kurle (2002) demonstrated that the mean δ 15 N and δ
C values of serum from captive otariids (northern fur seals Callorhinus ursinus) held for 6+ mo on a constant diet were 1.1 ‰ higher and 0.7 ‰ lower, respectively, than those of the RBCs. In this study, the mean δ 15 N values from serum from Steller sea lions were higher than those for RBCs in Regions 1, 3, and 4 by averages of 1.4, 1.3, and 0.8 ‰, respectively. The mean δ 13 C values from serum were lower than those for RBCs in Regions 1, 3, and 4 by 0.4, 1.2, and 1.5 ‰, respectively. These values are very near to that expected due to natural variations in biochemical construction between the 2 tissue types, indicating that sea lions do not undergo a significant change in trophic position between 6 and 9 mo of age (the approximate times represented by RBCs and serum).
In summary, estimation of foraging location and trophic level obtained via analyses of stable carbon and nitrogen isotopes collected from blood components of 9 mo old Steller sea lions in Alaska were consistent with regional differences in foraging ecology as predicted by analyses of juvenile and adult sea lion scat material from Sinclair & Zeppelin (2002) . The use of stable isotope analyses alone can be useful for researchers who are interested in collecting data from a specific individual or set of individuals rather than the more general estimates that are possible when collecting scats off haulout sites from unknown individuals. In addition, due to variation in protein and isotopic turnover times between tissues from the same individual, stable isotopes can be used to estimate trophic position and foraging region of sea lions over a variety of time periods. It is important to note that the successful application of δ 13 C values to the estimation of foraging location requires a rigorous understanding of the carbon isotope patterns that exist within the geographic regions of interest. Therefore, further studies on the spatial patterns of stable carbon isotopes in nature would contribute to their use as a valuable technique for tracking animals.
